Liquid layer clouds are abundant globally. Lacking strong convection, they do not become electrified by the usual thunderstorm mechanisms of collisional electrification between hydrometeors of different phases. Instead, the background global circuit current flow in fair weather is largely unaffected by the layer cloud's presence, and, if the layer cloud is extensive horizontally, the vertical fair weather conduction current passes through the cloud. A consequence of the vertical current flow is that, at the cloud-air boundary where there is a conductivity transition and droplets form or evaporate, droplet charging occurs. Charge can affect both droplet evaporation and droplet-droplet collisions. Using new radiosonde instrumentation, the charge observed at layer cloud edges is evaluated for both these microphysical droplet processes. This shows that the charging is more likely to affect collision processes than activation, for small droplets. Enhancing the collection efficiency of small droplets modifies their evolution and propagates through the size distribution to shorten the autoconversion time-scale to rain drops, and the cloud radiative properties. Because the conduction current density is influenced by both external (e.g. solar modulation of high-energy particles) and internal (e.g. El Niño-Southern Oscillation) factors, current flow leading to layer cloud edge charging provides a possible route for expressing solar influences on the climate system and a teleconnection mechanism for communicating internal climate variability.
Introduction
The global atmospheric electric circuit (Rycroft et al., 2000) , originally suggested by Wilson (1921 Wilson ( , 1929 , is a well-established feature of the atmosphere which couples charge separation in disturbed weather regions with current flow in distant fair weather zones. It results from the slight conductivity of atmospheric air caused by cosmic ray ionization and natural radioactivity, combined with the conductive pathways presented by the upper atmosphere and the planetary surface (Aplin et al., 2008) . Strong evidence in support of the global circuit was provided by Whipple and Scrase (1936) through the similarity they reported between the diurnal cycle in global thunderstorm area and the surface atmospheric fair weather electric field measured in oceanic air. From measurements made on the multi-ocean cruises of the survey ship Carnegie, the diurnal variation in the fair weather atmospheric electric field was found to be both independent of position, and to be aligned with universal time (UTC). This diurnal cycle in atmospheric electricity, with a minimum around 0300 UTC and a maximum around 1900 UTC, is now widely known as the Carnegie curve (Harrison, 2013) . It is a characteristic feature of the current flow in the global circuit, quantitatively demonstrated to be sustained by charge separation in disturbed weather regions (Mach et al., 2011) , as depicted in Figure 1 (a).
For these purposes, fair weather electrical conditions are those meteorological circumstances in which there is no local charge generation. This necessarily excludes thunderstorm conditions or situations with clouds which are developing their own substantial electric fields. Fair weather conditions do, however, include circumstances when other clouds are present, in particular layer (stratus) clouds, which are globally abundant. When such layer clouds are present and horizontally extensive, the fair weather current must pass through them for charge conservation to apply (Figure 1(b) ). This is evident through modelling studies of the global circuit (e.g. Baumgaertner et al., 2014) and has been demonstrated experimentally by comparing measured surface currents in overcast and clear conditions (Nicoll and Harrison, 2009 ), or through low-level fog layers (Bennett and Harrison, 2009 ). One consequence is that unipolar charging of droplets occurs in the horizontal cloud boundary regions (Zhou and Tinsley, 2007) . This may affect the cloud microphysics at the upper or lower cloud-air boundary (Tinsley, 2000; Tinsley et al., 2000; Rycroft et al., 2012) . Evidence suggesting droplet charge effects at the lower cloud boundary is apparent in lidar reflection measurements of cloud base made during the polar night, when the usual solar-driven diurnal cycle in cloud base is absent. At both Northern and Southern Hemisphere sites, the diurnal cycle in cloud base height shows, on average, a phase variation similar to the Carnegie curve characteristic of the global atmospheric electric circuit (Figure 2 ), with comparable amplitude at both sites (Harrison and Ambaum, 2013) . Whilst these measurements record a variation in cloud base height, this is primarily determined by the local environmental thermodynamics, hence the lidar measurements are interpreted as demonstrating a change in the droplet properties of the cloud base region in which the optical reflection occurs. This article considers effects on droplet microphysics which may result from droplet charging at the upper and lower boundaries of layer clouds, where there is coupling to the global circuit current. In section 2, the origin of the droplet charging is considered quantitatively, and in section 3, possible effects of charging on droplet behaviour are compared. Section 4 reports new measurements of cloud edge droplet charging which constrain the effect, with further discussion in section 5.
Cloud edge charging
Droplet-laden air has a lower electrical conductivity than cloudfree air; consequently any cloud to clear air boundary will also define a transition in electrical conductivity. The conductivity change occurs because, in droplet (and particle) free air, the cluster ions formed by cosmic rays and natural radioactivity which provide the electrical conductivity of air are only removed by their self-recombination, whereas in cloudy air, the ion concentration becomes considerably reduced by attachment of ions to droplets. The electrical conductivity of air depends on the concentrations of positive and negative ions, with the total conductivity σ t given by
where μ ± represents the mobility of positive or negative ions present, n ± the associated bipolar ion number concentrations and e the modulus of the elementary charge. The ion concentration in the presence of droplets or particles is characterised by the ion balance equation (e.g. Harrison and Carslaw, 2003) . For a mean ion concentration n = (n + + n − )/2, the change of ion concentration with time is given by dn dt
where the first term on the right-hand side q i is the ion production rate per unit volume, the second term represents the selfrecombination rate of ions (with α the ion-ion recombination coefficient), and the third term represents the loss of ions by attachment to aerosol and droplets. This assumes that the aerosol and droplets can be regarded as monodisperse, with N a the background aerosol number concentration, N d the droplet number concentration, and β a and β d the size-dependent ion-aerosol and ion-droplet attachment coefficients respectively (Gunn, 1954) . In clouds ion-ion recombination can be neglected, and ion loss by attachment to droplets dominates over that to
. Hence in the steady state, the mean ion concentration is
and, from Eq. (1), the total conductivity is therefore
where μ is the mean ion mobility. If the limiting form given by Gunn (1954) for the ion-droplet attachment coefficient for uncharged droplets of radius r, is assumed
where k is Boltzmann's constant and T the temperature, Eq. (4) becomes
Some intuition for the conductivity variations can be gained from considering the associated variations in visual range (visibility) as, for both conductivity and visual range, the droplet concentration is the major determining factor (Harrison, 2012) . Following Koschmieder's theory, the visual range X r is given by
Both X r and σ are seen to be inversely proportional to droplet concentration N d . The vertical conductivity gradient at a cloud edge creates a gradient in the vertical electric field E z in the same region. Gauss's , as a percentage variation of the surface potential gradient using the standard harmonic fit (Harrison, 2013 
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where ε 0 is the permittivity of free space and z is considered positive upwards. (The presence of aerosols and droplets has negligible effect on ε 0. ) Assuming no horizontal divergence of the current in steady-state, and Ohm's law in the vertical dimension,
the cloud edge charge density can be written in terms of constant vertical current density J c , as
Equation (10) indicates that, for J c directed downwards, positive charge occurs at the top edge of a horizontal cloud layer where there is an increase of conductivity with increasing height, and negative charge at the bottom edge. Further, the cloud edge charging is proportional to the current flowing through the cloud and the gradient of the conductivity on the cloud edge, i.e. it arises from large-scale changes in the global atmospheric electric circuit and the local meteorological conditions sustaining the cloud. These purely electrostatic considerations have to be seen in the context of the weak dynamical motions occurring within the cloud. The charge structure of layer clouds results from the steady-state between the formation and charging of droplets on the cloud edge, and the transport of the droplets to the bulk of the cloud by turbulent motions.
A practical difficulty in making theoretical charge estimates is that the conductivity in the cloud is a poorly known parameter, and may never have been directly measured (Nicoll, 2012) . In the absence of such measurements, by assuming that the conductivity in the cloud is substantially less than that of the clear air, Harrison and Ambaum (2008) showed that the ion-droplet attachment coefficients of Gunn (1954) give an implicit relationship for the droplet charge j as
In Eq. (11) λ = e 2 8πε 0 rkT and D is the cloud-air transition region depth, which is, in principle, a more directly observable quantity. Equation (11) also implies that the greatest charging through this mechanism will occur where the ion production rate q i from surface radioactivity and cosmic rays is at its least, typically at 1-2 km above the surface .
Consequences of droplet charging
Charging of haze droplets at cloud edges is expected to affect their activation by reducing the minimum supersaturation at which the haze droplets begin to grow (Harrison and Ambaum, 2008) . The subsequent evolution of the droplet size distribution may also be affected by electrical effects on collisional interactions (Khain et al., 2004) . The relative sensitivities of these processes to droplet charge are now considered quantitatively. An important first aspect is the nature of the electric force between charged droplets, as in general they can become polarised (section 3.1). Section 3.2 considers the effect of charge on droplet formation. Section 3.3 applies the considerations of section 3.1 to calculating droplet-droplet collision efficiency in the charged case and the effects of the enhanced collision efficiency on evolution of the droplet size distribution.
Inter-droplet electric forces
Unlike the well-known Coulomb force between two point charges, the electric force between two conducting spheres carrying the same polarity of charge can be attractive when the two spheres are close together. This occurs because conducting spheres (or droplets) are polarisable, and an image charge of opposite polarity can be induced in one sphere by the charge on the other. For the case of two water droplets, polarised regions of opposite charges generate an attractive force, and consequently the droplet-droplet interaction can be substantially different to that between neutral droplets.
In the simplest case of two point charges q 1 and q 2 , the Coulomb force F C between centres of the point charges separated by a distance x has a magnitude
where ε 0 is the permittivity of free space. Equation (12) leads to a repulsive force if the two point charges have the same polarities. However, when two charged conducting spheres approach each other, polarisation leads to an infinite set of image charges being induced by each sphere in the other. The image charges are particularly important when the spheres are close, and a summation of all the terms concerned with each image-image interaction is required to find the net force as discussed in standard electrostatics texts (e.g. Smythe, 1950) . As an illustration, for two conducting spheres having the same radius r, an approximation to the total electric force F E between them was given by Figure 3 . Electric force between a droplet of radius r 1 and drop of radius r 2 (r 2 > r 1 ) carrying different charges (q 1 and q 2 ), against separation distance x. In both cases the separation (x-axis) between the two drops given is normalized by the small drop radius r 1 , and negative forces are attractive. The force has been normalized in (a) by the Coulomb force between the two drops and in (b) by m 1 v 2 /x, where v is the difference in the terminal fall speeds, m 1 the mass of the smaller droplet and x the separation and (c) by the weight of the smaller drop. ((b) amounts to normalisation by the centripetal acceleration which would be experienced if the smaller droplet were to execute a circular orbit around the larger drop.) Russell (1922) as
where y = x/r, for x the separation between the spheres' centres. For large y, the second term contributes little, but as the spheres move closer and y decreases, the contribution of the second term increases. Importantly, this is independent of the polarities of q 1 and q 2 . For charged droplets, even if they have the same polarity, the inter-droplet force will become attractive at small separations, except in one hypothetical case, when both droplets have charges which would generate precisely equal potentials on contact (Thomson, 1853) . A consequence of the limited number of terms in Russell's approximation is that it considerably underestimates the electric force when the droplets are close. It is possible to make other approximations in some regimes of varying effectiveness (e.g. Khain et al., 2004; Fletcher, 2014; Tinsley and Zhou, 2014) , but, to accurately evaluate the force between droplets of arbitrary radii and charges, a full summation of all the interaction terms is needed (Davis, 1964; Lekner, 2012) . Figure 3 shows the inter-droplet force calculated using the full summation for a variety of radii (for clarity, when the sizes differ, 'drop' is used to refer to the larger of the two droplets), with charge loadings quantified in terms of elementary charges. Three situations are evaluated for equal and opposite charges on both drop and droplet (q 1 = −1 and q 2 = +1), equal charges on both (q 1 = 1 and q 2 = +1) and a charged droplet along side a negligibly charged drop (q 1 = 1 and q 2 = 0.1). In (a) the force has been normalised by the equivalent Coulomb force between point charges, in (b) by the horizontal force between two drops falling vertically at terminal velocity and in (c) by the (smaller) droplet's weight. (These situations are summarised schematically in the appendix, in Figure A1 (a).) In each case the magnitude of the force asymptotes to the value of the Coulomb force, and, as the droplet size increases, the range over which the attraction occurs diminishes. When the drop charge is small, the Coulomb force is also small and hence the normalisation in Figure 3 (a) leads to a substantial relative electric force. The normalisations in Figure 3 (b,c) illustrate that, whilst the long-range force is up to a few per cent of that associated with the inter-droplet force, it is small in terms of the droplet weight. It is therefore not expected to influence the droplet's trajectory. However, on close approach, the image forces become large and attractive, even when only the droplet is charged, substantially increasing the likelihood of the drop and droplet sticking. This amounts to the collision cross-section of the collecting drop being increased, which the calculations in Figure 3 suggest can be equivalent to an increase in its radius by about 10-20%. (This is considered further in section 3.3.)
Condensation and evaporation
Charging of a water drop modifies a droplet's potential, and therefore the Gibbs free energy associated with its formation by condensation (Mason, 1971; Ambaum, 2010) . For a drop of radius r, this brings an associated change in free energy G of
where N A is Avogadro's number, M r is the relative molecular mass, ρ L is the density, and q is the charge on the condensation nucleus. S is the saturation ratio of the moist environment of the drop which includes the surface tension (Kelvin) effect, as well as the dissolved salt (Raoult) effect. The saturation ratio required for a droplet of radius r to form is conventionally found (Mason, 1971) by solving for S when
Including the additional term from Eq. (14), this gives
Here, r K is the Kelvin radius
, where R v is the gas constant for water vapour, σ L is the surface tension, T the temperature, i V the van't Hoff factor, M S the relative molecular mass of the salt and m the dissolved mass of salt (Ambaum, 2010) . r R is the Rayleigh radius, which is the radius of a charged drop at which the internal electric force balances the surface tension force (and below which radius it will electrically explode.) The Rayleigh radius is given by
Equation (15) allows evaluation of the saturation ratio required to form a droplet of a particular radius, and, through the salt and Rayleigh radius terms, the relative effect of dissolved salt and charging can be compared. As a consequence of either dissolved salt or charging, the vapour pressure over the droplet falls and the critical supersaturation is reduced and the associated critical radius increased. (This is because evaporation is inhibited, because, with decreasing radius, the electrical potential energy is increased.) Figure 4 shows this comparison, by plotting the critical supersaturation ratio against the droplet radius as (Figure 4(a,b) ) the charge is varied, and (Figure 4(c,d) ) as the dissolved salt concentration is varied. For the charge effect to become apparent in Figure 4(a,b) , the dissolved salt concentration has to be very low (Harrison and Ambaum, 2008) . Only a small amount of dissolved salt (5 × 10 −21 kg) is needed to provide a comparable reduction in critical supersaturation with that caused by 500e elementary charges and therefore the effect of impurities is expected to dominate. Numerically, the change from 2.5 × 10 −21 to 5.0 × 10 −21 kg is equivalent to a change from about 26 000 to 51 000 dissolved salt molecules, hence the effect of a single elementary charge on the vapour pressure is equivalent to about 100 salt molecules.
Collisions between charged droplets
Capture of one droplet by another drop or droplet is central to the development of the droplet size distribution within liquid water clouds. The effect on this process from charging of either or both droplets is usually found by considering the steadystate flow carrying a smaller droplet around a larger drop, the latter considered stationary. From calculations of the trajectories, the collision efficiency is defined as the ratio of the crosssectional area described by the droplet's launch position to the geometrical collision cross-section of the larger drop, when a grazing trajectory occurs (Pruppacher and Klett, 1998) . This is illustrated in Figure A1(b) . Such an approach has been adopted by many authors (e.g. Beard and Grover, 1974) , and extended to include electrical interactions (e.g. Schlamp et al., 1975 Collision efficiency calculations for charged drop interactions likely in semi-fair-weather conditions are given in Figure 5 , using the model of Klimin et al. (1994) . This uses the conventional approach of establishing a flow field for a droplet moving around a collecting drop, by a numerical solution to the Navier-Stokes equation. The force between the drop and droplet is calculated using the full summation including image attractions, from Davis (1964) . The droplet's trajectory around the collecting drop is found by integrating simultaneous first-order differential equations in time for the velocity and displacement, using drag coefficients based on the Reynolds number. By repeating the calculations with different displacements y c from the axis where the droplet begins its trajectory ( Figure A1(b) ), the critical value of y c giving the grazing trajectory is obtained, allowing the collision efficiency to be determined. As can be seen from Figure 5 (a), the collision efficiency associated with a 20 μm radius collecting drop only begins to become appreciable as the collected droplet becomes larger than about 5 μm, as the geometrical collision crosssection also increases. For smaller sizes, the collision efficiency becomes negligible. Similarly, for collecting drops of ( Figure  5(b) ) 10 μm, (c) 5 μm and (d) 2 μm, the collision efficiency for neutral interactions is small, because of the negligible geometric collision cross-sections. When charged, the collision efficiency of the smaller drops increases considerably, due to the image force attraction at close approach. The calculations show that, in the case of the 10 μm collecting drop, charges of ∼50e are sufficient to provide collision efficiencies comparable with that of a neutral 20 μm collecting drop, and, for 5 μm drops, even modest charging of 10e can increase the collision efficiency by an order of magnitude. For small droplets of 2 μm radius, soon after their formation by condensation, the collision efficiency is much more substantially increased. Whilst there will be limitations in these calculations, in particular from inaccuracies in the representation of the flow field, expectations from the force calculations of Figure 3 are nevertheless confirmed, in that the electric force effects are greatest for the smallest drops. The attractive force at close approach is consistent with an electrical enhancement of the geometrical collision cross-section, leading to an increase in the collection of charged small drops compared with that for neutral small drops. Whether or not the collision results in collection (c) Figure 6 . (a) Evolution of the droplet size spectrum from an initial distribution of cloud droplets (dotted line), for a control situation in which the droplets are free to collide and grow (solid line), and a perturbed situation (dashed line) in which the droplets having radii less than 10 μm are given an enhanced collection efficiency, equivalent to a 20% increase in the collecting drop's radius. Variation in (b) the conversion time of cloud droplets to rain drops (drops with radii greater than 0.5 mm), and (c) the fraction of the cross-section occupied by droplets, both found for the size distribution in (a). In each plot the control case (solid line) is compared with a perturbed case (dashed line) when there is an enhanced collection efficiency of droplets with radii less than 10 μm.
of the droplet by the drop depends on the detail of the collision and surface properties, but the implication of these calculations is that, rather than strongly modifying the trajectory, charging will increase the probability of collection following the drop-droplet collision.
The effect of such enhanced collection on the evolution of a cloud droplet distribution is now briefly considered using the cloud microphysics model of Bott (2000) . From an initial assumed droplet distribution, this model allows calculation of the droplet distribution at subsequent times, as a result of collisions between the droplets. This methodology is employed to generate a control run, which uses a standard Hall kernel for the collisional interactions to evolve the droplet population, with a perturbed run where the effective geometric size of the larger collecting drop is increased by a percentage which depends on the size of the colliding drop, to represent the increased collision efficiency resulting from charging. This increase reaches a maximum of 20% for collisions with the smallest drops, while it reduces rapidly for collisions with drops larger than 10 μm. In other words, only those collisions involving the very smallest drops (smaller than 10 μm) are enhanced and all the other collisions are unaffected. Figure 6(a) shows the initial droplet population and the droplet population after 45 min, for both the control and perturbed runs. This can also be interpreted in terms of the time evolution of the droplet spectrum, which has effects on the cloud lifetime and its radiative properties. Figure 6(b) indicates, for both runs, what fraction of drops (in terms of mass) exceeds 0.5 mm in radius, as a function of time. The perturbed run indicates that the autoconversion rate for charged drops may well be substantially larger than that for neutral drops; the corresponding time-scale over which small drops are converted to rain is substantially shorter. Figure 6 (c) shows evolution of the fraction of the cross-sectional area occupied by droplets, calculated from the successive droplet size distributions. It can be seen that, for the charge-perturbed case which leads to more of the smaller drops being removed than in the control case, the fractional cross-section due to droplets is reduced, which would modify the radiative properties of the cloud.
Cloud charge measurements
Despite the theoretical expectations of electrical effects on cloud microphysical processes, few in situ measurements of charges in layer clouds exist, making it difficult to determine which of the droplet charging mechanisms discussed in section 3 is likely to dominate. Determining the thickness of the cloud-to-air transition region provides an approximate method for estimating the droplet charge (Eq. (11)), but even this quantity cannot be obtained at high resolution by conventional meteorological balloon soundings of thermodynamic quantities derived from temperature and relative humidity. To determine the typical charges on droplets in stratiform clouds, combined in situ measurements of charge and the cloud boundary dimensions are required. New instrumentation developed to exploit standard meteorological radiosondes as the carrying platform ) is well-suited to this task, as radiosondes offer the capability to respond rapidly to suitable cloud conditions, and the ability to access cloud layers at a range of altitudes and provide thermodynamic and position information (e.g. Harrison, 2015) .
Instrumentation
Two new instruments have been added to the standard Vaisala RS92 radiosonde package to provide the high spatial resolution detection of cloud and simultaneous sensing of the local electrical properties required. Optical detection of cloud provides an enhanced time response over thermodynamic (humidity) based measurements , and therefore, for a vertically moving balloon, improves the determination of the extent of the cloud boundary. The optical detection is achieved using a cloud visibility sensor employing an open path system of a high-brightness light-emitting diode at 590 nm and a photodiode receiver for the backscattered light . This provides the visible range X r , which, as evident from Eqs (6) and (7), will show a marked change at the cloud boundary where the conductivity transition also occurs. (X r is typically 5-500 m inside cloud and very much greater outside cloud.) Simultaneous measurements of the in-cloud charge are made using a small electrode and electrometer arrangement, which responds to displacement currents caused by motion through regions of space charge (Nicoll, 2013) . The sensor capacitance was determined in a separate experiment by exposing it (in a fixed position near the surface) within a dynamic fog layer, and the displacement currents induced by charges present in the fog compared with simultaneous atmospheric electric field measurements. Figure 7 shows measurements from the combined cloud and charge sensor instrument package carried on a radiosonde launched from the Reading University Atmospheric Observatory, through a persistent stratiform cloud. (Both sensors were mounted on the radiosonde itself.) This cloud layer had properties very typical of stratiform cloud at this location, and Figure 7 (a) shows the thermodynamic measurements of temperature and relative humidity as measured by the radiosonde during the ascent of the instrumentation through the cloud layer. Using just the thermodynamic data, the lapse rate and temperature inversion suggest a cloud top at about 1.6 km altitude and the relative humidity indicates cloud base at about 1.2 km. From these measurements alone, the existence of the cloud region is clear, but the dimensions of the boundary transition regions defining the electrical properties are only poorly determined. The results from the optical detection method are shown in Figure 7 (b). This shows the cloud boundary region much more distinctly, and the cloud-to-air transition is obtained at a vertical resolution of about 5 m from the sampling rate of 1 Hz and ascent rate of 5 m s −1 . Figure 7 (c) shows the associated variation in charge density, with up to −100 pC m −3 of charge determined in the cloud base and 65 pC m −3 near cloud top. The polarity of the charged regions, with negative charge in the cloud base and positive charge at cloud top, is consistent with the theoretical expectations of section 2, and modelled by Zhou and Tinsley (2007) .
Cloud measurements and charge estimates
From Eq. (10), for steady J c , the cloud boundary charge is proportional to the vertical conductivity gradient at the cloud edge. As discussed earlier, this is closely related to the associated vertical gradient in visual range determined by the optical sensor. Accordingly, Figure 8 shows the detail of the visual range changes at (a) the cloud top and (c) the cloud base regions for the cloud layer of Figure 7 . It is evident that the vertical gradient in the visibility (related to the vertical gradient in conductivity through Eqs (6) and (7)) differs between the top and base of the cloud, with the transition from clear to cloudy air sharper in the cloud top region (extending over 70 m) than in the base (extending over 140 m). This is consistent with the thermodynamic profile of the cloud, with a sharp temperature inversion at the cloud top (shown in Figure 8(a) ). Associated distributions of the measured space charge for the top and bottom regions are shown in Figure 8(b,d) respectively, which again demonstrates asymmetry between the cloud top (median 33 pC m −3 , range 8 to 48 pC m −3 ) and the cloud base (median −38 pC m −3 , range −96 to −6 pC m −3 ). As cloud droplet number concentrations inside stratocumulus cloud are typically ∼100 cm −3 , and only show modest variations from this (Miles et al., 2000) , an estimate of the droplet charge can be obtained. If the charge density ρ detected is assumed to be partitioned equally across N d cloud droplets per unit volume, the mean number of elementary charges per droplet j is given by
On this basis, the equivalent mean charge per droplet at cloud top can be estimated as +5e (ranging from +1 to +8e) and, at the rather less well-defined cloud base, −6e (ranging from −1 to −16e).
Discussion
Quantitatively, the change in visual range X r with height can be seen from Eq. (7) to be dX r dz = −X r 2 r dr dz i.e. it is related to both the change in droplet size r and concentration N d . The partitioning of the changes in these two quantities with height (and therefore the two terms in Eq. (18)) will differ at cloud base and cloud top. At cloud base, the droplets grow initially in updraughts by condensation, causing r and N d to increase. At cloud top, spontaneous evaporation into the dry air are likely to cause the dN d dz term to dominate. However, both the variations in r and N d will lead to changes in the conductivity, and hence vertical changes observed in X r can be expected to be associated with vertical changes in σ t . The visual range sensor can therefore be used to estimate the cloud edge charge by the cloud-air transition distance, Eq. (11), for comparison with those from Eq. (17).
Figure 9(a) shows the calculated drop charge for a range of values of vertical cloud-air transition distance D, and ion production rate q i . At the cloud altitude of ∼1500 m, q i will be determined by contributions from radon isotopes and, to a lesser extent, cosmic rays. Recent measurements at the same site show that the cosmic ray contribution at this altitude is about 2 ion pairs cm −3 s −1 , although the radon contribution is not known. Even so, it is likely that the ion production rate is much less than the conventionally assumed surface value of 10 ion pairs cm −3 s −1 (Chalmers, 1967) . The effect of reducing q i is to reduce the air conductivity, and, as Eq. (9) shows, accordingly increase the cloud droplet charge. Hence, for the altitudes typical of low clouds, where the surface radon effect has diminished (or is absent over the oceans) and the cosmic ray contribution remains considerably less than its maximum value at about 20 km, the droplet charging effect is likely to be at its greatest. It is also conceivable that the local ion production rate could fluctuate in some circumstances, such as through radon release associated with earthquakes, or from the artificial introduction of radioactivity or corona ions. Figure 8 shows that D for the cloud considered is typically 50-100 m, although there are other changes observed on shorter length scales which may lead to stronger gradients locally. From Figure 9 (a), these transition distances would lead to about 2-5 elementary charges per droplet. Figure 9(b) shows the variation in measured charge within the cloud, drawn alongside Figure 8 (a) for comparison. The measured and calculated charges are reasonably consistent for the conservative choices made about the electrical and droplet parameters. However, it is clear that the lower cloud charge is not coincident with the lower cloud boundary as determined by the visual range sensor, whereas the cloud top is more closely aligned with the charged region. The active measurement regions for both the charge and visual range sensors are likely to be within a few metres of the radiosonde, hence the ∼50 m displacement between the observed cloud base and charged droplet zone may be a real phenomenon. The wavelength used for the visual range detector (590 nm) suggests that its optical response will include micron-sized droplets soon after their formation. Some further droplet growth in the cloud updraught may therefore be needed for charge to be detected. A typical charging time-scale is ∼1/(β d N d ) (Harrison and Carslaw, 2003) , which, from Eq. (5), is about 1 min for 5 μm droplets. Hence, for typical updraught speeds ∼1 m s −1 , this time-scale is consistent with the 50 m displacement between the cloud base and charged region. At the cloud top, much larger drops will be present, which evaporate by the entrainment of drier air above the cloud. In comparison, the clear air to cloud base transition is therefore less distinct; this provides further evidence of asymmetry between the electrification at cloud base and cloud top.
As discussed in section 3, there are several physical consequences associated with the charging of cloud droplets. In an extreme case, perhaps at the cloud top, loss of drops may be enhanced through charging, as, during evaporation, the Rayleigh stability limit may be reached, causing the droplet to spontaneously fragment. More generally, however, the effect of varying the charge state of small droplets, as shown from Figure 6 , is that the associated modification of collection efficiencies leads to changes in the droplet size distribution, and the rate of evolution of cloud droplets to raindrop sizes, with possible further implications for cloud lifetime. The detailed cloud environment will modify these changes further, for example because of turbulence and updraught effects. However, these electrically induced changes in droplet size distribution may sometimes be observable in remotely sensed parameters of the cloud from the ground for cloud base or by satellite for cloud top, for example the reflection of short wavelength radiation or the long-wave emissivity. The calculations of Figure 6 (c) suggest that, in the charge-perturbed case, a ceilometer beam would need to travel further into a cloud before being reflected, and that the long-wave emission from the top of the cloud would occur from lower down in the cloud. It is therefore clearly possible that the cloud base changes demonstrated in Figure 2 (in which increased charging is associated with a ceilometer return further into the cloud) could be related to the electrical modification of the droplet size distribution in the cloud base. Furthermore, previously reported effects on cloud top temperature (Marsh and Svensmark, 2000; Takahashi et al., 2010) or precipitation (e.g. Neff et al., 2001 ) associated with solar changes may be the expression of cloud droplet changes associated with the atmospheric electrical environment.
Conclusions
These new combined measurements of the cloud edge region in a stratiform cloud demonstrate the global circuit driven electrification expected from theory at all horizontal cloud boundaries, to a greater or lesser extent depending on the vertical cloud boundary gradient. Layer cloud horizontal edges are highly dynamic regions where droplet formation and evaporation occurs continuously, and therefore some of the cloud droplets which become charged will also find their way into the interior of the cloud, as apparent from Figure 7 . It is also clear that the cloud edge charging differs between the cloud top and bottom, because of the difference in the thermodynamic structures determining droplet activation at the cloud base and evaporation at the cloud top. In terms of the amount of charge concerned with the droplets at the cloud edge, the estimates of section 4 suggest that, given the context presented by the discussion in section 3, the droplet collisional processes are much more likely to be affected than those of activation. The effect of charging in enhancing collection efficiency can, as illustrated by Figure 6 , be simply included for cloud modelling purposes by modifying the geometry of the droplets considered.
Although more experiments are planned, the unexceptional thermodynamic nature of the observed cloud indicates that many stratiform clouds will contain charged droplets from the edge charging process. This means that, through the vertical electric current density, coupling can occur between the global circuit and cloud properties, and therefore that those factors modulating the global circuit can also, in principle, couple into clouds. Of these factors, those probably of most interest are of solar origin, which can modulate atmospheric electrical parameters on both solar cycle (Harrison and Usoskin, 2010) and hourly time-scales. However there is also evidence suggesting the global circuit responds to internal climate variability (e.g. Sátori and Zieger, 1999; Harrison et al., 2011) , and therefore there is the possibility of long-range electrical coupling of this variability to the properties of extensive layer clouds.
Electrical interactions between drops
The effect of the electric force between polarisable droplets, at close approach, is strongly influenced by the image force attraction. Calculations require a summation of the infinite set of image charges induced between the interacting droplets. The electric force can be compared with the long-range electrical force which would occur between two point charges, the weight of one of the droplets, or the force implied by the centripetal acceleration between the drops. These are shown schematically in Figure A1(a) . Figure A1(b) depicts the flow of a smaller droplet around a larger collecting drop, to illustrate the geometrical considerations on which the collision efficiency is defined. (r+R) 2 , where y c is the maximum off-axis displacement from which a collision results.
